Ultrasonication is the most widely used technique for the dispersion of a range of nanomaterials, but the intrinsic mechanism which leads to stable solutions is poorly understood with procedures quoted in the literature typically specifying only extrinsic parameters such as nominal electrical input power and exposure time. Here we present new insights into the dispersion mechanism of a representative nanomaterial, single-walled carbon nanotubes (SW-CNTs), using a novel upscalable sonoreactor and an in situ technique for the measurement of acoustic cavitation activity during ultrasonication. We distinguish between stable cavitation, which leads to chemical modification of the surface of the CNTs, and inertial cavitation, which favors CNT exfoliation and length reduction. Efficient dispersion of CNTs in aqueous solution is found to be dominated
A. INTRODUCTION
A key area of nanotechnology development is the processing of functional nanomaterials 1, 2 .
Single-walled carbon nanotubes (SW-CNTs) have come to represent the prototype high aspect ratio nanomaterial and have been extensively studied due to their remarkable mechanical and electrical properties 3 for a wide range of potential applications 4 in biotechnology, composites and electronics. To take advantage of their intrinsic nanoscale properties in macroscale structures or devices, individually dispersed CNTs or small bundles are usually required. A significant material processing hurdle for CNTs, and other nanomaterials such as graphene, is the requirement to eliminate their strong tendency to agglomerate due to van der Waals interactions 5 .
The primary chemical approach to stabilizing CNT dispersions is through the use of an appropriate solvent 6 , with aqueous dispersions typically requiring an effective surfactant. A wide range of types of surfactant and concentrations have been investigated in the literature with various dispersion outcomes depending on the specific processes 7 .
nanomaterials. During ultrasonic processing in liquids the propagation of high amplitude ultrasonic pressure waves, typically generated using frequencies between 20 kHz and 1 MHz, leads to molecular dissociation, void creation and the rapid formation of cavities (bubbles).
Continued interaction between bubbles and the acoustic field can result in their growth and ultimately, violent collapse. The implosion of bubbles can create local temperatures of several thousand kelvin and pressures of several hundred atmospheres 8 . During the growth and collapse phases sonochemical effects will occur, while extreme shear forces as well as optical and acoustic emissions are also generated [9] [10] . Cavitation is a complex multi-parametric phenomenon that depends on the physicochemical properties of the liquid as well as the operational parameters of the ultrasonic device 11 . Studies of single-bubble interactions with CNTs have been limited to computational modeling 12 , while more realistic multi-bubble systems have not been addressed. Until now, the effectiveness of ultrasonic dispersion has only been characterized by post-processing analysis of the CNTs 13 as a definitive metric for cavitation was not available.
Despite its critical role in the dispersion process, the fundamental mechanism of ultrasonic dispersion in complex environments is poorly understood and the role of acoustic cavitation often neglected by the materials science community. As a consequence, many of the dispersion strategies in the literature are empirical in nature and typically specify only the solute concentrations, the nominal electrical input power of the device and the exposure time.
Moreover, this type of treatment may lead to unintentional and undesirable chemical and physical modification of the CNTs 14 . The need for a more systematic approach to the dispersion of nanomaterials and nanoparticles has been highlighted in a recent review article 15 .
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On the other hand, the effects of acoustic cavitation can be monitored directly in near real-time using techniques such as sonoluminescence and acoustic emission or indirectly by evaluating the yield of chemical by-products and monitoring erosion of surfaces 11 . With bubbles in solution behaving as secondary sound sources, it is possible to interpret the acoustic emission spectra in terms of bubble growth and implosion behavior 10 and therefore link a macroscopic signal to what is happening at the nanoscale. In this context, the National Physical Laboratory (NPL) has pioneered the development of a reference cavitation facility 16 to understand the underlying physics of cavitation.
In this work we apply a modified NPL cavitation sensor 17 to the in situ investigation of the fundamental CNT dispersion mechanisms. We demonstrate unequivocally the importance of cavitation activity measurement and the identification of the cavitation type, for understanding and controlling the dispersion of CNTs. The effects of ultrasonication on the surfactant as well as a means to controllably adjust the nanotube length are also examined. Our conclusions are not limited to carbon nanotubes and can be applied to any nanomaterial systems in which van der Waal interactions are important.
B. EXPERIMENTAL
Solution Preparation. Air-saturated stock solutions of 0.72 mM (30% cmc) and 7.2 mM (300% In Situ Measurement of Ultrasonic Cavitation and Temperature. A modified NPL cavitation sensor was housed within the custom-built reactor at a fixed height of 35 mm from the inner side of the lid. The reactor was positioned in the vessel at a fixed height (the center of the reactor body was 40 mm below the water surface) along the central axis of the reference vessel. One row of ten equally spaced transducers around the top of the reference vessel was used to apply the acoustic field throughout this work. The nominal input power was equally distributed between the ten transducers. During acoustic cavitation experiments the sensor was connected to a spectrum analyzer (HP3589A, Hewlett Packard) and emission signals were recorded for an average of 128 sweeps over the frequency range 2 MHz to 4 MHz. Integration was performed on each acquired spectrum to determine the broadband integrated energy using Equation 1. The temperature of both the reactor solution and the vessel solution was also recorded at 10 second intervals using PEEK-sheathed mini T-type stainless steel 0.5 mm thermocouples (Omega Engineering) connected to a temperature data logger (MMS3000 T6VA, ISE). These thermographs were then analyzed using calorimetry to estimate the effective power dissipated within the reactor. The vessel water temperature remained in the range 33.0 ± 0.5 °C throughout the tests. Using an identical configuration the reactor was also set up to acquire data on the cavitation activity associated with a sonotrode (20 kHz, P100, Sonic Systems) with a tip diameter of 15 mm ( Figure S1b ). In these tests the reactor solution temperature was 26.7 ± 0.9 °C and the volume of air-saturated Milli-Q ™ water was 300 mL. The vertical distance between the probe tip and sensor surface was fixed at 50 mm, while the tip was centered with respect to the vial and sensor. All acoustic data were acquired over a 2 minute period and averaged over four to eight independent measurements. indicates that the acoustic pressure amplitude in the selected measurement region is close to the inertial cavitation threshold. However there remains some debate over whether the amplitude of the sub-harmonic peak can be used as a measure of inertial cavitation 10 and therefore a more definitive metric is required. Studies of the high frequency (MHz) region have shown that the energy associated with the broadband acoustic emission spectrum is a practical metric for inertial cavitation activity 17 . This is parameterized by the term E cav , which is evaluated by integrating the square of the magnitude of the sensor response, , between two frequencies and , chosen to ensure that a significant fraction of the acoustic energy residing in the MHz region is acquired.
Measurements of E cav in the frequency range of 2 MHz to 4 MHz are shown in Figure 2 with additional data shown in Figure S2 . The reactor experiments were performed using aqueous anionic surfactant sodium deoxycholate (NaDOC) solution, which is known to facilitate improved dispersion of SW-CNTs 7, 19 . Tests were conducted with and without CNTs 20 . The effect of surfactant concentration on the acoustic field above (300%) and below (30%) the critical micelle concentration (cmc) of NaDOC was investigated by measurement of the cavitation activity. No significant difference is observed between E cav measurements in pure water and those in 30% cmc surfactant (Figure 2a ), which suggests that the population of inertial cavitation bubbles at 30% cmc is similar to that found in pure water and that any excess bubbles are experiencing A notable feature of the data in Figure 2a is that the magnitude of E cav remains relatively constant for the 300% cmc solution but decreases with exposure time in both pure water and in 30% cmc solution. Inertial cavitation is clearly favored at the higher surfactant concentration, which may be ascribed to more facile formation of bubbles due to the reduced surface tension. Furthermore it is believed that at 30% cmc the distance between bubbles is relatively large due to electrostatic repulsion 21 . When the ionic surfactant concentration is increased to 300% cmc, the concomitant increase in solution ionic strength leads to charge shielding effects, reducing the repulsion between surfactant molecules and resulting in the formation of denser bubble clouds. A similar hypothesis was previously proposed to rationalize acoustic measurements in an anionic surfactant 21 . A contributing factor to the decrease in inertial cavitation with time in pure water and at 30% cmc may be a preference for stable cavitation as the bulk solution temperature increases during ultrasonication 9, 11 . The average variation of solution temperature during ultrasonication at 200 W is shown in Figure   3 . The temperature increases from its initial value of ~25 C and reaches steady state value of ~48 C after approximately 30 minutes; a similar trend is observed at 100 W (see Figure S3) with a lower steady state temperature of ~41 C. This temperature increase will enhance bubble formation due to the increase of vapor pressure. However at 30% cmc the more widely spaced bubbles will grow via the mechanism of rectified diffusion 9 , whereby growth is achieved as a result of uneven mass transfer across the bubble/solution interface. Degassing can then occur via bubble coalescence and removal from the liquid due to buoyancy, hence reducing the number of bubble nucleation sites. By contrast, the 300% cmc solution could enhance the number of cavitation nucleation sites due to the high concentration of micelles. In addition, the use of a low frequency device (25 kHz) will favor a more significant increase in the population of bubbles undergoing inertial cavitation at the higher surfactant concentration 22 . This effect is enhanced by the denser bubble population at 300% cmc.
The fraction of the nominal input power that is converted to thermal energy may be determined This hinders the transmission of acoustic waves and the generation of inertial cavitation. The non-linear response with input power and its potential variation across ultrasonication devices present a barrier to the intelligent selection of treatment parameters. The E cav levels determined in the sonotrode and reactor measurements may be compared directly, as they are made with the same sensor, in the same container and with a similar medium. The peak E cav levels observed with the sonotrode are approximately an order of magnitude higher than in the reactor, which
shows that even at modest input powers tip sonication is significantly disruptive. The sonotrode output is applied directly to the fluid through a 15 mm diameter tip, which vibrates with a displacement of up to 15 μm. This generates locally high acoustic pressures, which in turn cause intense inertial cavitation, but over a very small region, i.e. a few millimeters below the tip. For equivalent powers, the reactor wall displaces less than 1 μm, but still generates acoustic pressures sufficient to cause inertial cavitation over a much larger fluid volume. With the acoustic field and the consequent cavitation activity generated by a larger number of acoustic sources, i.e. the vessel's ten equidistantly spaced transducers, a more even cavitation field is generated and the likelihood of cavitation shielding is reduced. Thus, the reactor generates a far more uniform cavitation distribution than the sonotrode and potentially a better 'nanoparticle dispersion stimulus' within a larger solution volume. The sonotrode has the additional disadvantage of contamination of the solution with metal fragments eroded from the tip 11 . These considerations point to significant advantages for industrial scale-up of such batch processing. Figure 5 with additional data shown in the Supporting Information ( Figure S4) . In all cases a linear trend of H 2 O 2 concentration with time is observed. The results are in marked contrast to the acoustic data in Figure 2 . Firstly, the most significant change in the rate of production of H 2 O 2 is observed between pure water and the 30% cmc solution, rather than between the two surfactant concentrations (Figure 5a ). Secondly, the rate of generation of H 2 O 2 varies approximately linearly with input power (Figure 5b ). Thirdly, an effect (albeit modest) of CNT presence is observed ( Figure 5c ).
The apparent discrepancy between the acoustic data and the H 2 O 2 concentration measurements may be explained on the basis of inertial vs. stable cavitation. The highly spaced bubbles in the 30% cmc solution will undergo stable cavitation activity assisted by the thermal effects discussed above and act as micro-reactors for H 2 O 2 formation 24 , which explains the marked increase of H 2 O 2 generation compared to pure water. Importantly this does not exclude the formation of inertial bubbles, since higher than background activities were recorded (Figure 2a ).
These observations suggest that the predominant route to H 2 O 2 formation is in fact stable cavitation, as opposed to inertial cavitation, and that the excess surfactant might behave as a primary micelle radical trap 21 or radical scavenger 25 , as evidenced by the comparably small apparent increase in H 2 O 2 formation between 30% and 300% cmc surfactant. The relatively small systematic increase in H 2 O 2 concentration due to the presence of CNTs (Figure 5c) suggests that the CNTs (at the low concentration used in this work) have only a minor role in the formation of bubbles undergoing stable cavitation. Trapped air within the CNT agglomerates released during debundling, coupled with the increased number of nucleation sites due to the additional surface area, may in fact provide additional sources of stable cavitation.
Surfactant Degradation. Another key finding of our study is the degradation of surfactant as a result of ultrasonication. Chemical characterization of 2% cmc NaDOC solution using mass spectroscopy (MS) demonstrates the growth of new molecular fragments and their increase in concentration with ultrasonication time and input power ( Figure 6a ). These fragments can be assigned to specific products (see Table S1 ) resulting from the oxidative dehydrogenation and dehydration of the parent NaDOC molecule, initiated by ROS. Similar damage is observed to a non-ionic surfactant, Triton ® X-100 (TX), which is also commonly used in the literature as a CNT dispersant. In this case the HPLC analysis indicated a gradual decrease in TX concentration when subjected to ultrasonication (Figure 6b ). The reduction in spectral intensity with increasing exposure time and input power can be attributed to the degradation of the chromophore-bearing hydrophobic segment ( Figure S5) . A similar process is used in water treatment to destroy undesirable surfactants via pyrolytic bond cleavage and ROS chemical attack 26 , although this typically employs much higher frequencies (hundreds of kHz). Our results show that ultrasonic degradation of surfactants is clearly also an issue of concern at lower frequencies and its exact impact on dispersion efficiency will require more detailed studies of surfactant-CNT surface interactions as demonstrated elsewhere 27 . However, at 30% cmc and 300% cmc of NaDOC no distinctive fragments were observed in the MS analysis, which may be a result of the increased turbidity of these solutions as discussed below. Nevertheless, a trend with increasing exposure conditions can be discerned. Carbon Nanotube Dispersion. The phase behavior of CNT dispersion is complex in nature 27 . In particular, aqueous based dispersions which use surfactant as a stabilizer require a subtle balance between surfactant and CNT concentrations. Often, dispersions that have been subjected to extended ultrasonication are unstable over time with the result that the CNTs eventually sediment out of solution. This is illustrated in Figure 7a , which depicts 30% cmc (right vial) and 300% cmc (left vial) solution left standing for 14 days after ultrasonication for 60 minutes at 200 W. Whereas a uniform dispersion was maintained in the 300% cmc surfactant solution, significant sedimentation was observed at 30% cmc, indicating the critical role of the surfactant concentration. UV-Vis absorption spectroscopy may be used to characterize the quality of the CNT dispersion 29 and typically via the analysis of the resonance peak ratio 30 . This is depicted in Figure 7b for the two different surfactant concentrations treated at 200 W.
The drop observed from 0 to 15 minutes illustrates the re-agglomeration and sedimentation of the CNTs, which failed to disperse when the pretreated solution was stirred into the remaining reactor volume (see Experimental Section). Therefore, the dispersion is not at equilibrium and is dynamically changing; the resulting flocculation can occur via depletion driven aggregation 27 Raman spectroscopy is used to determine the increase in defects 31 created by ultrasonication, indicated by the intensity ratio of the D-band to the G + -band (I D /I G + ) as shown in the representative spectra in Figure 7e . Significant damage to the CNTs is observed during pretreatment at 30% cmc, but not at 300% cmc (Figure 7f ). The general observation that the I D /I G + ratio is affected by ultrasonication may be related to CNT damage via ROS attack 32 . The lower level of damage at 300% cmc is rationalized by the protective coating of the excess surfactant on the CNT surface, which will naturally form as the cmc point is surpassed.
Interestingly, the I D /I G + ratio is lower at 200 W than at 100 W for both surfactant concentrations, which is more marked for the 30% cmc sample. The AFM analysis indicates that the change in average length distribution between the two powers is not sufficient to explain the reduction in this ratio. It may however be a result of disruption of the long range order of the sp 2 carbon hexagonal as the number of point-like defect sites increases 33 .
Implications. The acoustic and sonochemical measurements discussed above have significant implications for researchers wishing to control dispersion of nanomaterials for a wide range of applications. Ultrasonic processing remains the primary dispersion technique for CNTs and other nanoparticles but the rather ad hoc approach to most processes in the literature has major ramifications for reproducibility and dispersion quality. Measurement and control of acoustic cavitation, rather than application of an arbitrary input power, are required to achieve control of nanomaterial dispersion. In the case of CNTs, we conclude that the enhanced exfoliation and length reduction is a result of inertial cavitation, whereas sonochemically induced surface damage is associated with stable cavitation. Dispersion of CNTs in aqueous solution is dominated by mechanical forces generated via inertial cavitation, which depends critically on surfactant concentration. Our approach can be readily generalized to other nanomaterials, for instance 2D layered materials such as graphene and MoS 2 , whose physical and chemical properties are particularly sensitive to number of layers and flake size 1 .
From a practical standpoint, careful consideration should be given to container material and vessel geometry when using bath sonication. The use of tip sonication is more challenging due to its intrinsic non-linearity, cavitation shielding effects and volume limitations. For large scale processing, use of a bath vessel with well-controlled and uniform cavitation such as that used in this work is required.
D. CONCLUSIONS
In conclusion, we have developed a new approach for producing a well-characterized acoustic cavitation field during ultrasonication of CNTs, to improve control of dispersion. Through a unique measurement technique, based on in situ broadband acoustic emission monitoring and H 2 O 2 production, we distinguish between two different cavitation types: (i) stable cavitation, which leads to chemical attack on the CNTs and (ii) inertial cavitation, which favors CNT exfoliation and length reduction. The control of CNT dispersion is more challenging with a tip ultrasonicator due to its intrinsic non-linearity and the presence of cavitation shielding effects.
Care must be exercised when using tip-based ultrasonication as the local fields are much higher.
We have also highlighted surfactant degradation in the water-surfactant control system in the tens of kHz frequency range used for routine ultrasonication. Furthermore, the surfactant concentration has a profound effect on cavitation activity and resulting dispersion quality via modification of bubble surface tension, radical scavenging and protective coating of CNTs. The bulk solution temperature increases with time during ultrasonication and has a major influence on the dispersion efficiency through increased vapor pressure and changes in surfactant and bubble dynamics. This study demonstrates that measurement and control of acoustic cavitation rather than blind application of input power is critical in the ultrasonic dispersion of nanomaterials with tailored properties. The results have major implications for enhanced control and scale-up of nanoparticle dispersion using ultrasonic processing. 
ACKNOWLEDGMENTS

SUPPORTING INFORMATION AVAILABLE
Schematic of experimental set up; Additional cavitation measurements; Estimation of effective power; Additional H 2 O 2 measurements; Sonochemical degradation of surfactants; Additional
1.
Schematic of experimental set up
The experimental set up of the reactor during ultrasonic treatment is shown schematically in Figure S1 . Figure S1a illustrates the reactor/reference vessel configuration and Figure  S1b the reactor/sonotrode configuration. During experiments only the top row of transducers was used with the applied nominal power evenly distributed between all ten transducers. 
2.
Additional cavitation measurements
Figures S2(a)-(f) show the variation of E cav with time under the conditions required to complete the matrix of experimental variables studied in this work, i.e. input power, surfactant concentration and the presence or absence of CNTs. 
3.
Estimation of effective power
The effective power applied to the sonoreactor during the acoustic experiments can be estimated by calorimetry. Average thermographs from all of the tests are shown at both 100 W ( Figure S3 
Additional H 2 O 2 measurements
Figures S4(a)-(e) show the variation of hydrogen peroxide concentration with time under the conditions required to complete the matrix of experimental variables studied in this work, i.e. input power, surfactant concentration and the presence or absence of CNTs.
Figure S4a
Measurements of H 2 O 2 concentration at 100 W for the 30% cmc and 300% cmc solutions. Error bars represent standard error between four independent measurements. 
5.
Sonochemical degradation of surfactants. Table S1 shows the degradation products of surfactant as a function of input power and exposure time. Estimates of molecular fragment structure were performed using XCalibur ™ (Thermo Scientific) software set to a mass accuracy of 5 ppm. Examples of the HPLC trace for TX are depicted for various ultrasonic treatments in Figure S5 . Multiple peaks are observed signifying the various lengths of the polyoxyethylene group (n). The reduction in absorbance as a function of treatment time is due to the ultrasonically induced degradation of the TX molecule. Figure S5 HPLC-RP chromatograph for Triton ™ X-100. Inset illustrates the TX molecular structure.
6.
Additional UV-Vis absorption spectroscopy measurements
In Figure S6a the ratio of the E 22 (570 nm) peak to its respective non-resonance background is presented for CNT solutions (surfactant concentration 30% cmc and 300% cmc) treated at 100 W. The ratios are calculated based on the description by Tan et al 30 .
In Figure S6b and S6c linear fits between 15 and 60 minutes are used to calculate the gradient, which serves as a relative efficiency indicator. 
7.
AFM data analysis
Averaged data from AFM measurements are plotted in Figure S7a and S7b. As indicated by the blue dashed arrow, increasing both ultrasonic treatment time and power results in a greater degree of CNT exfoliation and length reduction in the 300% cmc solution compared to the 30% cmc solution. Only lengths of CNTs below 1.00 nm in diameter were included.
Figure S7a
Effect of ultrasonic treatment on CNT length. Error bars represent standard error between 150 independent measurements.
Figure S7b
Effect of ultrasonic treatment on CNT diameter. Error bars represent standard error between 150 independent measurements.
